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Abstract: The relationship between phase transformation and electric resistivity of Ti-42.6Ni-7Cu SMA was investigated. In the 
isothermal tensile tests, stress—strain curve shows large hysteresis and nonlinearity, whereas the resistivity—strain curve can be 
fitted by linearity. The resistivity of SMAs can be determined from the volume fractions of the martensitic and austenitic phases. This 
characteristics leads to that the resistance of the SMAs is used as a parameter of strain of SMAs. A SMA actuator using resistance 
feedback control system was proposed, which can control and retain positioning at any positions without using sensor devices, and 
the deviation of position of this system was less than 3 μm. 
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1 Introduction 
 
Shape memory alloys (SMAs) are useful in various 
fields of engineering and medical because they exhibit 
excellent shape memory and mechanical properties[1]. 
SMAs are expected to be candidate materials of driving 
elements for small size actuators, because they have 
sense and respond functions to temperature; therefore, 
actuators using SMAs[2−3] do not need sensors, for 
example, temperature sensor. Ti-Ni-Cu SMAs are good 
candidate materials for actuators because they exhibit 
smaller transformation hysteresis than other SMAs[4−5]. 
Because SMAs have transformation hysteresis, it is 
difficult for SMA actuator to control and retain 
positioning at any positions without using sensor 
devices. 
SMAs have electric resistance characteristics with 
phase transformations[6]. Therefore, authors have 
proposed the SMA actuator using resistance feedback 
control system[7−8]. For the establishment of this system, 
it is indispensable to investigate the relationship between 
phase transformation and electric resistivity of SMAs. 
Many other researchers have reported the effects of 
manufacturing processes on shape memory 
properties[9−15], and several have reported the 
resistance characteristics of SMAs[16−20]. However, 
more systematic research on resistance characteristics is 
necessary for applying SMAs to actuators using 
resistance feedback control system. In this work, 
relationship between phase transformation and electric 
resistance (resistivity) of Ti-Ni-Cu shape memory alloy 
is investigated. A two-dimensional drive SMA actuator 
using resistance feedback control system is developed. 
This system can control and retain positioning at any 
positions without using sensor devices. And the 
positioning characteristic of this system is also 
investigated. 
 
2 Experimental 
 
The chemical composition of the alloy used in this 
work was Ti-42.6Ni-7Cu (molar fraction, %). The 
specimen was a wire with 0.3 mm in diameter and 150 
mm in length, which was processed by making ingot in 
high-frequency induction vacuum furnace, and then 
subjected to hot-forging, hot-extruding, cold-drawing and 
intermediate annealing. The cold working (CW) ratio of 
the specimen was 30%. The specimen shows two-way 
shape memory effect because of the manufacturing 
process. Figure 1 shows the strain—temperature curves 
for the Ti-Ni-Cu alloy wire. The solid and dashed lines 
denote heating and cooling processes, respectively. 
During cooling, the strain increases with decreasing 
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Fig.1 Strain— temperature curve of Ti-Ni-Cu wire under 
unloaded condition 
 
temperature because of two-way shape memory effect; it 
decreases with increasing temperature during heating 
because of reverse transformation. Thus, this sample 
transforms from martensitic phase to austenitic phase and 
shows about 6% transformation strain under unloaded 
conditions. 
Shape memory and electrical resistance properties 
were investigated by thermal cycling tests under constant 
stress and isothermal tensile tests. In thermal cycling 
tests under the constant stress, the temperature was 
increased from 300 to 373 K at a rate of 1 K/min in 
furnace, and the sample was cooled off at 300 K by 
furnace cooling. The applied stress was varied from 6 to 
70 MPa, which was in appropriate stress range for SMA 
actuators. In isothermal tensile tests, the applied strain 
was varied from 3% to 8%, and the atmosphere 
temperature was 373 K. Transformation start temperature 
Ms, transformation finish temperature Mf, reverse 
transformation start temperature As and reverse 
transformation finish temperature Af were measured by 
differential scanning calorimetry (DSC). 
 
3 Results and discussion 
 
3.1 Thermal cycling test 
Figures 2 and 3 show the recovery strain—
temperature and resistivity—temperature curves of the 
Ti-Ni-Cu wire under 70 MPa during thermal cycling test, 
respectively. The recovery strain— temperature curve 
shows transformation hysteresis, and the resistivity—
temperature curve shows transformation hysteresis. The 
variation of resistivity is not caused by deformation but 
by the phase transformation because resistivity is 
calculated from the resistance, length and cross-sectional 
area. Generally, the resistivity of metal increases with 
increasing temperature whether the metal is transformed 
or not. Therefore, it is necessary to fix the measurement 
temperature to determine the resistivity of the martensitic 
and austenitic phases. Regardless of stress, all specimens 
were completely martensitic and austenitic phase at 310 
and 370 K during heating, respectively. Therefore, the 
resistivity of the martensitic and austenitic phases is 
obtained from the resistivity at 310 and 370 K during 
heating, respectively. 
 
 
Fig.2 Recovery strain—temperature curve of Ti-Ni-Cu alloy 
under 70 MPa 
 
 
Fig.3 Resistivity—temperature curve of Ti-Ni-Cu alloy under 
70 MPa 
 
Figure 4 shows the effect of stress on the resistivity 
of martensitic and austenitic phases. The resistivity of 
martensitic phase is higher than that of austenitic phase. 
Additionally, the resistivity of each phase is 
approximately constant with varying stress. These results 
indicate that the resistivity of the martensitic phase is 
different from that of austenitic phases, and the 
resistance properties of the alloy do not vary with stress. 
A difference is considered to be a difference in crystal 
structure. 
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Fig.4 Effects of stress on resistivity for martensite and austenite 
phases of Ti-Ni-Cu alloy 
 
Figure 5 shows the resistivity— recovery strain 
curve of the Ti-Ni-Cu wire under 70 MPa during thermal 
cycling test. Small hysteresis and linearity are observed. 
We suggest a hypothesis that the resistivity of SMA is 
determined from the volume fraction of martensitic and 
austenitic phases. Figure 6 shows a detailed description 
of the variation of resistivity in thermal cycling test. At 
room temperature, the specimen is martensitic phase. 
During heating, the recovery strain and volume fraction 
of austenitic phase increase with increasing the 
temperature. The increased volume fraction of austenitic 
phase causes a decrease of resistivity, because the 
resistivity of austenitic phase is lower than that of 
martensitic phase (see Fig.3). Cooling has a contrast 
effect on resistivity. Thus, resistivity varies with the 
volume fraction of each phase and the resistivity—
recovery strain curve shows linearity. 
If it is assumed that the resistivity of SMA is varied 
with the volume fraction of each phase, the resistivity—
recovery strain curve can not show hysteresis. However, 
the resistivity—recovery strain curve shows a hysteresis 
 
 
Fig.5 Resistivity—recovery strain curve of Ti-Ni-Cu alloy 
under 70 MPa 
 
 
Fig.6 Detailed description of variation of resistivity of 
Ti-Ni-Cu alloy by phase transformation 
 
although being small, as shown in Fig.5. As mentioned 
above, the resistivity of metal varies with varying 
temperature. Whereas the heating is carried out with 1 
K/min, the cooling is carried out by furnace cooling. 
Therefore, it is thought that the hysteresis of resistivity—
recovery strain curve is caused by the variation of 
resistivity which is due to the variation of temperature, 
because the atmosphere temperature and the cooling rate 
are different from the heating rate during the thermal 
cycling test. 
 
3.2 Isothermal tensile tests 
To confirm the hypothesis that the resistivity of 
SMA is determined from the volume fraction of each 
phase, isothermal tensile tests were carried out. Figure 7 
shows the stress—strain curve and resistivity—strain 
curve during tensile test at 373 K. The applied strain is 
3%. The specimen shows super-elastic behaviour 
because the atmosphere temperature is above Af. The 
resistivity increases with increasing strain, and the 
resistivity — strain curve shows complete linearity. 
Moreover, the resistivity varies with strain during 
deformation of phase transformation, whereas the 
resistivity hardly varies during elastic deformation. 
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These facts suggest that the resistivity of SMA is varied 
with phase transformation and is determined from the 
volume fractions of austenitic and martensitic phases, 
because most of the variation of resistivity does not 
occur during elastic deformation but occurs during phase 
transformation. 
 
 
Fig.7 Stress—strain and resistivity—strain curves of Ti-Ni-Cu 
alloy wire during isothermal tensile test at 373 K 
 
Figure 8 shows the stress—strain curve and the 
resistivity—strain curve during breaking test at 373 K. 
The breaking strain is about 11%, and the start and finish 
points of the transformation, inflection points of stress—
strain curve, are about 1.2% and 8.2% strain, respectively. 
This indicates that the phase transformation occurs 
during 1.2%−8.2% strain. However, the inflection points 
of resistivity—strain curve are about 0.8% and 9.5% 
strain, indicating that the transformation start and finish 
points obtained by resistivity—strain curve are different 
from those points obtained by stress— strain curve. 
Moreover, this result suggests that the actual 
transformation start and finish points are ahead and 
behind the transformation start and finish points obtained 
from stress—strain curve, respectively. 
 
 
Fig.8 Stress—strain and resistivity—strain curves of Ti-Ni-Cu 
alloy wire during breaking test at 373 K 
This finding agrees well with the simulation model 
of transformation of SMA[21]. Figure 9 shows the 
simulation of superelastic behavior of SMA. This 
simulation is calculated by the constitutive model 
describing the accommodation mechanism in the phase 
transformation process of polycrystalline SMA. The 
solid and dashed lines denote the deformation of phase 
transformation and elastic deformation, respectively. 
This simulation also suggests that the transformation 
start and finish points are ahead and behind the 
transformation start and finish points obtained from 
stress—strain curve, respectively. Thus, it is thought that 
the actual transformation start and finish points are 
different from transformation start and finish points 
obtained from stress—strain curve, respectively. 
 
 
Fig.9 Simulation of superelastic behavior of SMA 
 
3.3 SMA actuator using resistance feedback control 
The resistivity of SMA is determined from the 
volume fractions of the martensitic and austenitic phases. 
Moreover, a linear relation is established between the 
resistance and strain of SMA. The resistivity—strain 
curve does not show hysteresis. This characteristics leads 
to that the resistance of the SMAs can be used as a 
parameter of strain of SMAs. Therefore, we proposed a 
SMA actuator using resistance feedback control system. 
Figure 10 shows a schematic drawing of the uniaxial 
driving SMA actuator using resistance feedback control 
system. This system is composed of SMA wire, a slider, 
a strain gauge and a position control unit. The SMA wire 
is Ti-Ni-Cu alloy and the dimension of wire is 0.15 mm 
in diameter and 200 mm in length. SMA wire in the state 
of martensitic phase is elongated by spring of strain 
gauge. The slider moves to the right side and left side by 
electric resistance heating and natural cooling, 
respectively. The controller always monitors the 
resistance of SMA wire, and the positioning control is 
carried out by the controlling of resistance of SMA wire. 
The strain gauge is used for only the measurements of 
the positioning characteristics. Thus, this resistance 
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feedback system can control and retain positioning at any 
positions without using sensor devices. The relationship 
between the resistance and strain of SMA (displacement), 
and the position stability of this system are investigated. 
 
 
Fig.10 Schematic drawing of uniaxial driving SMA actuator 
using resistance feedback control system 
 
Figure 11 shows the relationship between resistance 
and displacement of this system. It is a complete linearity 
regardless of heating and cooling. This simulation is 
calculated by the constitutive model mentioned above 
and the hypothesis that the resistivity of SMA is varied 
with the volume fractions of austenitic and martensitic 
phases. The simulation agrees well with the experimental 
result.  
 
 
Fig.11 Variation of position stability with displacement 
Fig.12 shows the effect of the displacement (control 
distance) on the position stability of SMA actuator using 
resistance feedback control system. Deviation of position 
is calculated during positioning. The deviation of 
position slightly increases with the increasing of 
displacement. Thus, the position stability slightly 
decreases with the increasing of displacement. However, 
the deviation of position is always less than 3 μm. These 
indicate that the position control system used in this 
work has a constant stability despite of control distance, 
and the system has a good stability. 
 
 
Fig.12 Variation of position stability with control distance 
 
3.4 Trial products of SMA actuator using resistance 
feedback control system 
Figure 13 shows the PAN/TILT camera work 
system. This system is composed of CCD camera, SMA 
wire, bias spring, pulley, rotary shaft and controller. This 
system uses neither the motor nor the gear. Therefore, 
this system is noiseless mechanically and electrically. By 
resistance feedback control, this camera can control and 
retain positioning at any position. Thus, PAN/TILT 
camera work to any position is possible in this system.  
Figure 14 shows the X-Y table system. SMA wires 
and bias springs are installed in the tables of X-axis and 
Y-axis each. By resistance feedback control system, this  
 
 
Fig.13 PAN/TILT camera-work SMA actuator using resistance feedback control system 
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Fig.14 X-Y table SMA actuator using resistance feedback control system 
 
 
Fig.15 3-parallel-link SMA actuator using resistance feedback control system 
 
X-Y table can do the biaxial movement: this system can 
control and retain positioning of 2 axes. Also, this system 
is noiseless mechanically and electrically, because this 
system uses neither the motor nor the gear. 
Figure 15 shows the 3-parallel-link SMA actuator 
system. The SMA wire is built in the each shaft of the 
left side device. The potentiometer is built in the each 
shaft of the right side device. These shafts can expand 
and contract. When the right side device is moved by 
hand operation, its displacement of each shaft is 
measured by potentiometer. And then, the controller 
makes the shaft of left side device moving same amount 
of displacement measured by potentiometer. In other 
words, the left side device follows the right side one. The 
displacement of the left side device is also controlled by 
resistance feedback control. This system is expected for 
the remote control for example telemedicine. 
 
4 Conclusions 
 
1) In the heating-cooling tests under constant stress, 
the strain— temperature and resistivity— temperature 
curves of Ti-Ni-Cu alloy show large hysteresis and 
nonlinearity. The resistivity—strain curves show small 
hysteresis and linearity. In the isothermal tensile tests, 
stress — strain curve shows large hysteresis and 
nonlinearity. In contrast, the resistivity—strain curve 
does not show hysteresis and shows linearity. The 
resistivity of martensitic phase in Ti-Ni-Cu alloy is larger 
than that of austenitic phase. The resistivity of 
martensitic and austenitic phases is constant irrespective 
of stress. It is supposed that the resistivity of SMAs can 
be determined from the volume fractions of the 
martensitic and austenitic phases. These lead to that the 
resistance of the SMAs can be used as a parameter of 
strain of SMAs. 
2) The SMA actuator using resistance feedback 
control system is developed. The relationship between 
resistance and displacement of this system shows 
complete linearity regardless of heating and cooling. This 
system can control and retain positioning at any positions 
without using sensor devices, and the deviation of 
position of this system is less than 3 μm. 
3) Transformation start and finish points obtained 
by resistivity— strain curve is different from those 
obtained by stress—strain curve. It is possible that the 
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transformation start and finish points are ahead and 
behind the transformation start and finish points obtained 
from stress—strain curve, respectively. This conclusion 
accords with the simulation by the constitutive model 
described the accommodation mechanism in the phase 
transformation process of polycrystalline SMAs. 
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